Gene therapy is the treatment of diseases based on the transfer of genetic information. Agents that carry or deliver DNA to target cells are called vectors (Latin vector: carrier, deliverer). Ideally, a vector should accommodate an unlimited amount of inserted DNA, lack the ability of autonomous replication of its own DNA, be easily manufactured, and be available in concentrated form. Secondly, it should have the ability to target specific cell types or to limit its gene expression to specific cell types, and to achieve sustained gene expression in the long term or in a controlled fashion. Finally, it should not be toxic or immunogenic. Such a vector does not exist and none of the DNA delivery systems so far available for in vivo gene transfer is perfect with respect to any of these points. Gene therapy and the means to promote it depend heavily on the development and improvement of new gene vector systems.
Introduction
Many different ways have been devised for introducing genes into mammalian cells and tissues. The simplest technique is the inoculation of naked DNA by means of microinjection, electroporation and biobalistics, the latter also known as the gene gun technique. More elaborate and more efficient ways include the use of self-assembling complexes of lipid-DNA (e.g., liposomes), protein-DNA, lipid-protein-DNA, and viral vectors. Viral vectors can be fragments of viral DNA containing the DNA to be transferred or the viral particle itself. The viral particle is rendered crippled or replication defective through the manipulation of the viral DNA, and the end product is a nonpathogenic viral vector carrying the genetic information of therapeutic interest.
Five gene transfer systems most commonly used in gene therapy trials -retroviral vectors, adenoviral vectors, liposomes, biobalistics and adeno-associated viral vectors -accumulate a limited clinical experience of only a few hundred patients worldwide in the last eight years. Therefore, this mini-review is aimed at briefly discussing the main features of gene vector systems, rather than the clinical experience in the field of gene therapy.
Chemical methods
Chemical methods for gene transfer usually involve the generation of some kind of complex with purified DNA, and the application of this complex to cells in culture or, less frequently, in vivo (Table 1) . A substantial portion of the cells endocytes the DNA and is capable of transporting at least part of it into the nucleus, where the DNA is transiently expressed for some days. However, only a tiny fraction (usually much less than one percent) of the cells keeps the DNA permanently, incorporating it into its chromosomes, and continuing to express the introduced genes. In these methods, the vector is a purified DNA molecule (e.g., a plasmid), usually engineered by cloning methods to contain, besides the gene of interest, regulatory sequences such as promoters and enhancers to facilitate the expression of the gene.
To improve efficiency and specificity, the DNA vector can be complexed to agents such as ligand proteins, to facilitate its entry into the target cells. An example is the use of conjugates of a polycation, poly-L-lysine, covalently linked to the asialo-orosomucoid glycoprotein (ASOR) (1) . ASOR serves as a ligand for recognition by the asialoglycoprotein receptor present in hepatocytes. The subsequent mixture of this conjugate ASORpoly-L-lysine with DNA results in the formation of complexes stabilized by electrostatic interactions, which allows the delivery of single-strand DNA or double-strand DNA specifically to hepatocytes. DNA delivered to the liver in vivo via endocytosis mediated by the asialoglycoprotein receptor is rapidly degraded, presumably in lysosomes, and can be cleared within 48 h (2) . Pharmacological approaches such as the destabilization of microtubules that interfere with the translocation of endosomes to lysosomes have to be developed to overcome the problem of intracellular degradation and to augment the efficiency of directed gene expression.
A recent development was the in vitro assembly of human artificial chromosomes (HACs). Chromosomes are highly structured organelles, formed by a linear DNA molecule wrapped and conjugated to globular hystone proteins. A chromosome has three important parts or components: a centromere (central portion), telomeres (terminal portions), and origins of replication ( Figure 1 ). The functions of telomeres and centromeres are partly known and their structures are being slowly elucidated. The origins of replication are involved in the initial replication of the DNA that forms the chromosome. These three components are sufficient to confer a chromosome function on a DNA fragment. Utilizing molecular biology techniques, it is possible to assemble the three Recently, a group of researchers in Cleveland (3) described the assembly of first generation human artificial minichromosomes using new assemblies of a-satellite DNA (tandem repeats of DNA sequence present in centromeres), telomeric DNA (tandem repeats of TTAGGG), and other fragments of genomic DNA. The creation of HACs is a major step forward in the studies of the functions of human chromosomes and the expression of large DNA sequences. HACs can be utilized as vectors for very large DNA sequences that in this form can be stably maintained within cells for studies of DNA sequence and gene expression, or the effect of its organization and relative position on the integrity and stability of the artificial chromosome. The cloning of genes into HACs also opens the possibility for the stable introduction and physiological expression of therapeutic genes. However, efficient HAC delivery methods have yet to be developed for the use of HACs in somatic gene therapy protocols.
Gene transfer can also be accomplished by using DNA encapsulated into agents such as cationic lipids or phospholipids, to form cationic liposomes. Liposomes are usually prepared from bipolar phospholipids and consist of a hydrophilic core delimited by an external lipid layer (4) . Cationic lipids interact electrostatically with the strongly anionic DNA molecule promoting a complete encapsulation of the nucleic acid. The liposomes produced in this way have a broad spectrum of cellular infectivity. In a 1993 paper, Zhu and coworkers (5) reported that a single intravenous injection of cationic liposomes carrying a plasmid with the chloramphenicol acetyl-transferase (CAT) gene under control of the strong CMV promoter was capable of transducing many different tissues in the mouse.
However, for in vivo use, especially for systemic applications, a series of modifications have yet to be developed both in the surface of liposomes and in the encapsulated DNA. It would be desirable, for instance, to develop modified liposomes capable of escaping the reticuloendothelial system and tissue macrophages (e.g. Kupffer cells). This could be done through the coupling of target-ligands on the liposome surface. These ligands would serve also to direct liposomes to specific targets.
An important barrier for the expression of transgenes that are introduced via liposomes is the transport into the nucleus. The co-encapsulation of viral envelopes with incorporation of nucleophilic proteins that contain nuclear internalization signals (e.g., the high mobility group proteins, HMG1 proteins) can augment the efficiency of nuclear localization and gene transcription (6) (7) (8) .
Modifications of the encapsulated DNA include the utilization of tissue-specific promoter-enhancer elements to achieve a tissue-specific expression. Tissue targeting and localization can also be improved by direct injection of liposomes into the desired region.
Physical methods
DNA vectors can be introduced into cells via a variety of physical methods (Table 2) . Conceptually the most obvious of such methods, direct injection, requires sophisticated techniques for injection on a micro-scale. originally used in gene transfer to plant cells and tissues (9) and then applied to a variety of organisms including mammal cells and tissues (10) (11) (12) (13) (14) (15) (16) consists of coating tiny spheres of a heavy metal (e.g., gold) with DNA, and then shooting these coated particles against the target cells at high speed. The accelerated particles penetrate the cells carrying the DNA. Initial studies performed with this technique have provided encouraging results and created the opportunity for its in vivo application by direct shooting against a selected tissue or organ.
Biological methods: viral vectors
Viruses are natural gene vectors; they are evolving in connection with virtually all kinds of organisms, from bacteria to plants and animals. The specific biomolecular systems for gene transfer, gene recombination and gene expression adopted by the viruses constitute powerful tools for the construction of more efficient and safe vectors, with precise indications of use. Bacteriophage, baculovirus, retrovirus, adenovirus, herpes simplex virus, vaccinia, human immunodeficiency virus (HIV), polyoma virus and adeno-associated virus are examples of viruses that have been successfully modified by the techniques of recombinant DNA. All of these viruses already have applications in research, agriculture and medicine. Conceptually, it is not surprising that animal viruses have been used as vectors for gene transfer to mammal cells (Table 3) . In this article, I shall review in some depth the main properties of three of them: retrovirus, adenovirus and adeno-associated virus.
Retroviral vectors
A murine retrovirus, the Moloney murine leukemia virus (MoMuLV) was the first vector system to be developed for clinical applications of gene therapy. Utilizing recombinant DNA techniques, the genes of the This technique, however, is limited by the fact that only a relatively small number of cells can be injected within a given period of time. In spite of the efforts to automate the microinjection techniques, the small number of cells that can be injected each time continues to be a serious limitation. This method of gene transfer could be of interest and clinical utility if a small number of purified bone marrow cells were injected and cell culture conditions were found to expand them substantially. However, the problem of transient expression would still persist, since most of the injected cells would not be capable of sustaining the expression for long periods. This problem requires additional improvements in the vector sequence so as to augment its integration efficiency, for example.
There are other physical methods that can be applied to a larger number of cells. One of such methods is electroporation that can be used to introduce DNA into cells in culture. However, cell viability among receptor cells varies enormously with different cell types. A physical method that has been Advantages of retroviral vectors include the fact that they are well known and well characterized, the possibility to well characterize them and to produce them in high titers [10 6 PFU/ml (plaque forming units per ml), or higher], and their high transfection efficiency which has been validated in various cell types. Disadvantages include an accommodation limit of 7-8 kb of DNA, the need that the target cells be in cell division to allow for the integration of the vector (limiting the use of retroviral vectors to mitotic cells), and the potential of insertional mutagenesis due to the fact that retroviral vectors integrate at random in the genome. The latter feature has the potential to interrupt important genes in the cell, with serious consequences that include oncogenesis through the activation of proto-oncogenes or inactivation of tumor suppressor genes. Fur- 
Adenoviral vectors
Human adenoviruses are non-enveloped DNA-viruses with a linear double-strand DNA of about 36 kb, encapsulated in an icosahedral capsid measuring 70-100 nm in diameter. The capsid has in its vertices rodlike structures that interact with cell receptors ( Figure 2 ). In the wild, adenoviruses are capable to infect cells in the gastrointestinal tract causing common cold, gastroenteritis in children or epidemic conjunctivitis. The adenoid glands are one of its targets, from which the name adenovirus has originated. Infections involving the urinary tract, hepatic pathways and the central nervous system can occur sporadically. The majority if not the totality of adults has been exposed to adenoviruses and has antibodies.
Differently from retrovirus, adenovirus does not depend on host cell division for its replication, and its chromosome rarely integrates into the cell genome, remaining episomal in most cases. Integration seems to occur only in the presence of high levels of infection in dividing cells, but this event does not contribute significantly to the utility of these viruses as vectors. Adenoviral vectors have a broad spectrum of cell infectivity that includes virtually all post-mitotic and mitotic cells, and also can be produced in high titers.
The genomic structure of adenovirus is more complex than that of retrovirus. The adenoviral genome codes for approximately 15 proteins. Viral gene expression occurs in a coordinated fashion and is mainly directed by the E1A and E1B genes, localized in the 5' portion of the adenoviral genome (Figure 2 ).
These genes have transactivation functions for the transcription of various viral and host cell genes. Since E1 genes are involved in adenoviral replication, their removal renders the virus replication incompetent or defective. The removal also creates room for the insertion of a gene of therapeutic interest. An exogenous DNA can also replace the E3 region, whose product is involved in the ability of the virus to escape the host immune system. Some properties of the adenovirus E1 proteins can be relevant in some forms of gene therapy, namely cancer gene therapy. E1A is the first viral transcription unit to be expressed after the viral chromosome has reached the nucleus. A constitutively active promoter with duplicated enhancer elements controls transcription of the E1A unit. E1A transcripts also are capable to induce apoptosis through the induction of the p53 gene. An E1A protein appears to stabilize the p53 protein, resulting in the accumulation of this protein in the nucleus, and high levels of the p53 protein can block the progression of the cell cycle and induce apoptosis. Similarly to the E1A protein, a 55-kDa E1B protein of type 5 adenovirus also modulates the progression into the cell cycle. This E1B protein has the p53 protein as a ligation target, and has the ability to block E1A-induced apoptosis.
Packaging cells carrying adenoviral genes that provide transcomplementation functions are also required to produce defective adenoviral vectors. Packaging cells of the NIH-293 cell lineage are human embryo kidney (HEK) cells that have been previously transformed with type 5 adenovirus. These cells retain the E1A and E1B regions of the viral genome covalently linked to their genomic DNA. The construction of an adenoviral vector begins with the production of a bacterial plasmid carrying the adenovirus genome deleted in the E1 and E3 regions. E1 deletion renders the virus defective, whereas E3 deletion does not affect viral replication. The genes of interest can be cloned in these deleted regions, and the plasmid can be growth-amplified in a bacterial cell culture. The purified plasmid is then transfected to 293 cells, where it is packaged into defective adenoviral particles. The virions are isolated from the cell culture medium and purified by ultracentrifugation in cesium chloride gradients to achieve suspensions with high viral titers (higher than 10 13 PFU/ml). The purified viral vector is stable in a variety of aqueous buffers, and can be frozen for long periods without loss of activity.
An alternative strategy for the production of adenoviral vectors begins with the preparation of a plasmid in which the gene of interest is flanked by adenoviral DNA sequences. These sequences serve as control regions and contain packaging signals and sites for recombination with the genomic adenoviral DNA that will be used to reconstitute defective adenovirions inside the packaging cell. The cotransfection of this plasmid together with the adenoviral genomic DNA with selected deletions, e.g., E1 and E3, to 293 cells leads to the formation of adenoviral particles, through homologous recombination, with the gene of interest replacing the E1 and E3 genes. Thus, both direct cloning and homologous recombination can be used to produce a defective adenovirus. Further development of new packaging cell lines carrying a larger number of adenoviral genes for transcomplementation, or helper adenovirus, shall enable the production of adenoviral vectors containing a small number of adenoviral sequences, and a great deal of heterologous sequences. An all deleted adenoviral vector has been recently produced (17) . This vector carries the full-length human dystrophin cDNA.
The disadvantages of adenoviral vectors include: i) short duration of transgene expression since the vector usually does not integrate stably into the host cell genome; ii) limits to the size of the DNA sequence of interest to be packaged into the adenoviral particle, and iii) humoral and cellular immune responses triggered against the adenoviral particles or against the host cell that eventually expresses adenoviral proteins, in addition to the transgene expression. The latter is called viral protein leakage. Further problems include the potential of viral replication through transcomplementation of the vector by cell proteins with functions homologous to the E1A protein, or through a superinfection with wild adenovirus. Actually, this concerns not only adenoviral vectors, but also any kind of defective viral vector.
Adeno-associated vectors
The unfavorable properties of adenoviral and retroviral vectors discussed above in-clude the lack of integration of adenoviral DNA and the random integration of retroviral vectors into the host cell genome. Besides, these vectors can trigger immune responses of the humoral and cell types, and they can be pathogenic.
Vectors alternatively indicated to circumvent these problems are based on the adenoassociated virus (AAV), a small non-enveloped, non-pathogenic DNA virus belonging to the Parvoviridae family. The AAV genome is a single-strand DNA molecule, 4681 bases long including two inverted terminal repeats (ITRs). ITRs are 145 bases long palyndromic sequences involved in the regulation of the AAV cell cycle. They are located in the 5' and 3' terminal portions of the viral genome, and serve as origins and initiators for DNA replication. Flanked by the ITRs, two large open reading frames code for a regulatory protein and a structural protein, rep and cap, respectively (Figure 3) . The reading region located in the 5' region (rep gene) encodes four non-structural proteins involved in the genomic replication. The 3' portion contains the cap gene, which encodes three structural proteins for the formation of the viral capsid.
AAV is considered to be a dependovirus because it is capable of replication in a cell only in the presence of a helper virus (adenovirus or herpes virus), which provides by transcomplementation the helper factors that are essential for its replication. In the absence of a helper virus, the AAV genome preferentially integrates into a specific site on the short arm of chromosome 19, between q13.3 and qter, called AAVS1. The ITRs as well as a rep transcript (18) play an important role in this process, resulting in a latent infection in mitotic as well as in postmitotic cells. Recently, episomal forms of the virus have been identified, and the integration into non-specific sites has been documented; however, there is no report of insertional oncogenesis. The latent provirus can be rescued and replicated following a superinfection with the helper virus.
There is a great interest in using AAV as a potential gene vector in human gene therapy trials (19) . Among its most favorable properties are i) no relation to human diseases; ii) broad infectivity spectrum, and iii) ability to stably integrate into the host genome. This kind of integration can occur in cells that are not dividing, although at a lower frequency than in dividing cells. The site-directed integration is also a most favorable property of AAV.
Recombinant adeno-associated viral vectors (rAAV) are derived from plasmids that carry ITRs flanking the exogenous gene of interest. These vectors can be packaged into the AAV capsid through co-transfection with the following elements in packaging cells: i) adenovirus and ii) a second packaging plasmid carrying the rep and cap genes. The rAAV is rescued from cell lysates, and the helper virus is removed or inactivated (Figure 4) . The disadvantages of rAAV particles as gene vectors include their small genome size (5 kb is the upper limit to AAV encapsidation), and the difficulty to produce large amounts of the vector. However, several improvements have been obtained in the production and use of AAV-based vectors. Richard J. Samulski and coworkers (20) have constructed a plasmid, pSub201, which contains the full-length AAV genome. Since then, the difficulty to produce rAAV DNA on a large scale has been minimized by the utilization of recombinant plasmids that can be growth-amplified in bacterial cultures. The size limit has been circumvented in the sense that the rAAV DNA can be introduced into cells by lipofection. A summary of the advantages and disadvantages of the main viral vectors is provided in Table 3 .
Combination of viral and non-viral elements
The combination of viral and non-viral elements can be used to increase the efficiency of gene transfer to cells. The incorporation of adenoviral lysosomal degradation escape functions to encapsulated DNA is an example of such strategy (21, 22) . Complexes are prepared with adenoviral particles and poly-L-lysine linked to DNA, or to DNA encapsulated into liposomes. These complexes enable the simultaneous delivery of its components to each lysosome in the cell, diminishing lysosomal degradation of the DNA, and increasing the efficiency of transfection. Since adenoviruses used in this strategy can be irradiated to become non-infectious, the method has the potential to eliminate completely the use of any infectious viral DNA. However, there are unresolved questions concerning the duration of gene expression using such complexes, in vivo efficiency, etc.
Another example of combination of viral and non-viral elements was mentioned in the AAV section and consists of the construction of plasmids carrying the AAV ITR sequences flanking the gene of interest to promote the transformation of cells. AAV can be replaced for this kind of construction encapsulated into liposomes. The level of gene expression and transgene retention is similar to that observed with AAV alone. In 1994, Philip and coworkers (23) reported that the presence of the ITRs of AAV in plasmids could confer prolonged persistence of the transfected DNA if compared to the transfection mediated by conventional plasmids lacking ITRs. In 1995, Vieweg and colleagues (24) demonstrated that the utilization of plasmids containing the ITR sequences of AAV, complexed to cationic liposomes can produce gene transfer and in vitro interleukin-2 (IL-2) gene expression that are 3 to 10 times higher than the levels obtained with plasmids lacking the ITRs. The levels of IL-2 expression achieved with these plasmids in an in vivo model of antitumor induction were comparable to the secretion levels obtained with the use of retroviral vectors. Expression levels are possibly dose-dependent, according to results (25) showing that the frequency of AAV integration can jump from 2 to 49% of transfected cells, only by changing the AAV titer from 1.3 multiplicity of infection (MOI) to 130 MOI, respectively, representing a 25-fold increase in integration efficiency. This suggests that a higher number of rAAV genomic particles increases the likelihood of a copy being integrated into the specific chromosomal site. A further improvement involves changing the structure of the encapsulating liposome. Hong and coworkers (26) combined adenoviral capsid proteins or adenoviral fiber proteins with liposomes, obtaining a considerable increase in the efficiency of transfection of the reporter gene LacZ cloned in an AAV-derived vector. Taken together, these results allow us to reach the following conclusions: i) plasmids carrying ITR sequences produce high and stable levels of expression, and ii) cationic liposomes are an excellent alternative to carry rAAV into cells without triggering any immune response by the host.
The potential use of mitochondria as DNA vectors
Mitochondria are the only cytoplasmic organelles that possess their own DNA (mtDNA). In this respect, mitochondria look like liposomes that are used in gene transfer, constituted by lipid membranes enveloping DNA molecules ( Figure 5 ). Since mitochondria can be purified by ultracentrifugation from cell homogenates, they could be used as gene transfer vectors. Mitochondria isolated from donor blood can be fused to receptor cells, generating viable cytoplasmic hybrids (cybrids) (27, 28) .
The use of mitochondria as gene vectors has potential application in the replacement of mitocondrial DNA (mtDNA) in cells with oxidative phosphorylation defects caused by mutations of the mtDNA. mtDNA mutations are linked to a series of maternally inherited degenerative neuromuscular syndromes including mitochondrial encephalopathy, lactic acidosis, vomiting and stroke (MELAS), myoclonic epilepsy and ragged-red fiber (MERRF), neurogenic muscular weakness, and ataxia and retinitis pigmentosa (NARP), among others. mtDNA mutations also occur in cells of the somatic lineage and accumulate with aging and in conditions of oxidative stress (29, 30) , and may account for a great deal of the phenotypes of advanced age, including muscle weakness, Alzheimer disease, and Parkinson disease.
Technically, the in vivo use of mitochondria as gene vectors is cumbersome. Targeting the mtDNA to mitochondria in vivo offers a more viable approach to somatic gene therapy of diseases of the mitochondrial genome.
In search of the ideal vector: the future of gene therapy
Ideally, a vector should accommodate an unlimited amount of inserted DNA, lack the ability of autonomous replication of its own DNA, be easily manufactured, and be available in concentrated form. Secondly, it should have the ability to target specific cell types or to limit its gene expression to specific cell types, and to achieve sustained gene expression in the long term or in a Table 4 shows a comparison of seven main vector systems available to date. The analysis of the properties of the main vector types reviewed in Tables 1-3 shows that none of these vector systems conforms to the notion of the ideal vector (Table 5 ).
There still exist serious limitations regarding the efficiency and cell specificity of the available gene vector systems. Recombinant viral vectors are the most potent gene transfer vectors, but host immune response, safety issues, and the difficulty of scaling up their production constitute important barriers for their clinical use. The delivery of DNA via liposomes or via cell receptor targeting offers alternatives for virus-mediated gene transfer, but the levels of gene expression obtained with these methods need to be significantly improved before they can be used for the treatment of human diseases. Furthermore, our knowledge about the transcriptional control is incomplete. All these aspects are under intense investigation; methods for ex vivo and in vivo gene transfer are under rapid development, and there is the hope that considerable progress will be attained within the next decade.
The development of highly efficient systems for viral packaging and the refinement of the purification and concentration processes could improve the titers of viral vectors to values that would allow gene transfer through systemic administration. Targeted delivery could be made possible through the incorporation of single chain antibodies raised against cell surface antigens or ligands for transmembrane receptors incorporated into the retrovirus envelope or adenovirus penton proteins, and there are encouraging signs that this strategy could reach success.
Design vectors are expected to be available in the short term. These vectors shall incorporate the most useful elements of presently available viral and synthetic systems, with variations depending on the applica- with natural control elements. In the future, basic research shall try to define which genomic elements are involved in the temporal and spatial control of gene expression during the whole lifespan of an organism. Advances in these fields will require parallel developments in vector design before the knowledge can be utilized in clinical practice.
From the wide variety and creativity of vector systems and methods of gene transfer under development it seems clear that in the future there will be a wide choice of different gene transfer methods for different clinical applications. This situation certainly will broaden the opportunities for the use of gene transfer technology in the clinical context. Gene therapy promises to be a fruitful area of scientific and clinical research for many years to come, and there is no doubt that it will become an important clinical practice in the next century.
